Introduction {#sec1}
============

Fibromyalgia is a syndrome characterised by widespread musculoskeletal pain, with an estimated prevalence of 2--8% in the general population \[[@cit0001]\]. Patients list a wide range of symptoms and describe the locations of pain along with the presence and severity of fatigue, mood problems, sleep disturbances, headaches, and irritable bowel problems. Also, it is a disease that negatively affects the quality of life, and physical and emotional functions. The first diagnostic criteria for fibromyalgia were published in 1990, defining chronic widespread pain with a number of tender points; however, newer classification criteria for fibromyalgia were proposed in 2010 \[[@cit0002]--[@cit0005]\]. Various drugs at different doses, such as amitriptyline, pregabalin, gabapentin, and duloxetine, are used in the treatment \[[@cit0006]\]. The aetiology of the disease is still not clearly understood. Possible aetiological factors include changes in sleep stages as well as hormonal and psychological causes \[[@cit0007], [@cit0008]\]. According to recent studies, a new possible aetiological cause of fibromyalgia has been found: the changes in the antioxidant system and oxidative stress, which is associated with the aetiopathogenesis of many rheumatic diseases \[[@cit0009], [@cit0010]\]. The most recently discovered method for showing oxidative stress and antioxidant balance in the human body is thiol-disulphide homoeostasis. While thiols are organosulfur compounds having antioxidant functions with various mechanisms, dynamic disulphide bonds are more likely to be associated with oxidative stress. Dynamic thiol-disulphide homoeostasis is involved in many processes such as protein stabilisation, regulation of enzyme functions, transcription, antioxidant protection, detoxification, cell growth or proliferation, and apoptosis. In proliferative conditions, thiol levels increase and disulphide levels decrease, whereas the opposite of this situation occurs in apoptosis and necrosis. The thiols are oxidised and converted into disulphide bond structures by oxidants in the environment, while the disulphides can be reduced again to thiol structures, so this balance is maintained. Recent studies have reported that dynamic thiol-disulphide homoeostasis reflects the oxidative stress condition and is therefore a novel method for determining the oxidative stress \[[@cit0011], [@cit0012]\]. Some studies have shown that oxidative stress can also lead to peripheral and central sensitisation and altered nociception \[[@cit0013]\]. In a previous study including a small number of female patients, it was shown that dynamic thiol-disulphide homoeostasis was affected in fibromyalgia \[[@cit0014]\]. Given the effects of oxidative stress on central and peripheral sensitisation, evaluating the oxidative stress in patients with fibromyalgia will be helpful in clarifying its aetiology. We therefore aimed to investigate the dynamic thiol-disulphide homoeostasis in a larger patient group (including both female and male patients) in order to demonstrate the importance of oxidative balance in fibromyalgia.

Material and methods {#sec2}
====================

Patients with fibromyalgia, in whom the diagnosis was made according to the ACR 2010 criteria \[[@cit0004]\] and who were followed between 2017 and 2018, were included in the study. Age between 18 and 75 years and with fibromyalgia was the inclusion criterion. Exclusion criteria were defined as follows: the presence of any autoimmune disease, history of malignancy, chronic or acute infections, and pregnancy. The control group included healthy subjects who matched the inclusion and exclusion criteria mentioned above. During the patient enrolment, the information about previous medication for fibromyalgia treatment was not available (such as amitriptyline, duloxetine, pregabalin, and gabapentin). Also, it was not noted whether patients had used nonsteroidal anti-inflammatory drugs or received prior physical therapy for any other reason. The demographic characteristics for both groups, such as age, gender, smoking status, body mass index (BMI), and the duration of patients' complaints were carefully recorded. Pain levels were assessed by Visual Analogue Scale (VAS). After 8 h of fasting, venous blood samples were collected from both groups in the morning and then stored for 20 min for clotting. The samples were separated by centrifuging for 10 min at 1500 g. The separated serums were stored in the freezer at --80°C until the time of testing for dynamic thiol-disulphide homoeostasis. Thiol-disulphide homeostasis was measured by automated spectrophotometric method, which was described by Erel and Neselioglu. Measurements were carried out by using a Cobas c501 chemical analyser (Roche Diagnostics, Mannheim, Germany). Briefly, disulphide bonds were first reduced to form free functional thiol groups with sodium borohydride, unused reductant sodium borohydride was consumed and removed with formaldehyde to prevent reduction of DTNB (5, 5'-dithiobis-\[2-nitrobenzoic\] acid), and all of the thiol groups, including reduced and native, were determined after the reaction with DTNB. Half of the difference between the total thiols and native thiols provided the dynamic disulphide amount. After the determination of native and total thiols, disulphide amounts, disulphide/total thiol percentage ratios (SS/SH + SS), disulphide/native thiol percentage ratios (SS/SH), and native thiol/total thiol percentage ratios (SH/SH+SS) were calculated \[[@cit0008]\]. The serum thiol and disulphide values were shown as µmol/l. The dynamic disulphide homeostasis was determined by the division of the change between total thiol and native thiol. The rates of disulphide/total thiol, disulphide/native thiol, and native thiol/total thiol were calculated according to their percentages. All procedures in this study were in accordance with the 1964 Helsinki declaration and its subsequent amendments or comparable ethical standards. Ethics committee approval was obtained from the Ethics Committee of Karabuk University. Written, informed consent was obtained from each participant.

Statistical analysis {#sec2.1}
--------------------

All statistical analyses were carried out using SPSS (v22.0, SPSS Inc., Chicago, IL, USA). The Kolmogorov-Smirnov test and the Shapiro-Wilk test were used to determine whether the data were normally distributed. Standard deviation and mean were used for normally distributed data, and median and range as minimum-maximum values were used for non-normally distributed data. Student's *t*-test was used for the comparison of normally distributed data, and Mann-Whitney *U* test was used for non-normally distributed data. Spearman and Pearson' tests were used for correlation analysis. The χ^2^ test was used to determine the difference in terms of smoking status and gender distribution between the groups. *P*-values \< 0.05 were considered as statistically significant.

Results {#sec3}
=======

A total of 156 subjects were included in the study, including 86 patients with fibromyalgia (12 men, 74 women) and 70 age-matched controls (7 men, 63 women). The median duration of complaints in the fibromyalgia group was 12 (1--240) months and the mean VAS score was 7.09 ±1.31. Gender distribution, BMI, and smoking status were similar between the patient and control groups (*p* = 0.62, *p* = 0.09 and *p* = 0.64, respectively). In patients with fibromyalgia, native thiol levels were found to be significantly high, while disulphide levels were low (*p* = 0.018 and *p* = 0.049, respectively) ([Figure 1](#f0001){ref-type="fig"}). The patient group had significantly lower disulphide/native thiol and disulphide/total thiol rates but higher native thiol/total thiol rate than the control group (*p* = 0.007, *p* = 0.007 and *p* = 0.007, respectively) ([Table I](#t0001){ref-type="table"}, [Figure 2](#f0002){ref-type="fig"}). While correlation analysis revealed no significant correlation between thiol-disulphide levels and disease duration or pain level (*p* \> 0.05), there was an inverse correlation between age and thiol-disulphide levels as well as between BMI and thiol levels, independent of disease ([Table II](#t0002){ref-type="table"}).

![The median levels of native thiol, total thiol, and disulphide in the control and patient groups](AMS-16-3-37367-g001){#f0001}

![The median ratios of percentages of disulphide to native thiol, disulphide to total thiol, and native to total thiol in the patient and control groups](AMS-16-3-37367-g002){#f0002}

###### 

The comparison of age, BMI, and the rates of disulphide to native thiol, disulphide to total thiol, and native thiol to total thiol between fibromyalgia and control group

  Variables                                                                         Patients with fibromyalgia   Control group        *P*-value
  --------------------------------------------------------------------------------- ---------------------------- -------------------- -----------
  Age \[years\], mean ± SD                                                          47.72 ±9.52                  44.97 ±11.61         0.106
  BMI \[kg/m^2^\], mean ± SD                                                        29.94 ±5.48                  28.57 ±4.71          0.099
  Native thiol \[µmol/l\], median (min.--max.)                                      387 (223--698)               340 (211--696)       0.018
  Total thiol \[µmol/l\], median (min.--max.)                                       410 (246--750)               383 (219--718)       0.060
  Disulphide \[µmol/l\], median (min.--max.)^[\#](#tf1-1){ref-type="table-fn"}^     13.6 (1.7--36.7)             17.6 (3.15--41.09)   0.049
  Disulphide/native thiol, median (min.--max.)^[\#](#tf1-1){ref-type="table-fn"}^   3.73 (0.27--12.65)           4.71 (0.45--13.99)   0.007
  Disulphide/total thiol, median (min.--max.)^[\#](#tf1-1){ref-type="table-fn"}^    3.47 (0.27--10.09)           4.31 (0.45--10.93)   0.007
  Native thiol/total thiol, median (min.--max.)                                     93 (80--99)                  90 (78--99)          0.007

BMI -- body mass index, SD -- standard deviation,

the ratios of percentages.

###### 

The correlation between age, duration, BMI, and VAS and the levels of native thiol, total thiol, disulphide, and the rates of disulphide to native thiol, disulphide to total thiol, and native thiol to total thiol

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variables                                   Native thiol    Total thiol     Disulphide     Disulphide/native thiol^[\#](#tf2-1){ref-type="table-fn"}^   Disulphide/total thiol^[\#](#tf2-1){ref-type="table-fn"}^   Native/total thiol^[\#](#tf2-1){ref-type="table-fn"}^
  ------------------------------------------- --------------- --------------- -------------- ------------------------------------------------------------ ----------------------------------------------------------- -------------------------------------------------------
  Age                                         *p* = 0.001\    *p* \< 0.001\   *p* = 0.012\   *p* = 0.44\                                                  *p* = 0.45\                                                 *p* = 0.44\
                                              *r* = --0.26    *r* = --0.30    *r* = --0.20   *r* = --0.06                                                 *r* = --0.06                                                *r* = 0.06

  BMI                                         *p* \< 0.001\   *p* \< 0.001\   *p* = 0.59\    *p* = 0.018\                                                 *p* = 0.018\                                                *p* = 0.018\
                                              *r* = --0.034   *r* = --0.33    *r* = 0.04     *r* = 0.18                                                   *r* = 0.18                                                  *r* = --0.18

  Duration[\*](#tf2-2){ref-type="table-fn"}   *p* = 0.52\     *p* = 0.59\     *p* = 0.59\    *p* = 0.89\                                                  *p* = 0.89\                                                 *p* = 0.88\
                                              *r* = --0.07    *r* = --0.05    *r* = --0.05   *r* = 0.01                                                   *r* = 0.01                                                  *r* = --0.01

  VAS                                         *p* = 0.42\     *p* = 0.48\     *p* = 0.67\    *p* = 0.55\                                                  *p* = 0.55\                                                 *p* = 0.54\
                                              *r* = --0.08    *r* = --0.07    *r* = 0.04     *r* = 0.06                                                   *r* = 0.06                                                  *r* = --0.06
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

BMI -- body mass index, VAS -- Visual Analogue Scale,

the ratios of percentages,

duration of complaints (months).

Discussion {#sec4}
==========

In our study the patient group had significantly higher native thiol levels (antioxidant) and lower disulphide levels (oxidative stress) than healthy controls, with low disulphide/native thiol and disulphide/total thiol rates and high native thiol/total thiol rate. There was no significant relationship between thiol-disulphide levels and disease duration or pain level. We found that the dynamic thiol-disulphide balance shifted in the direction of thiol, suggesting that dynamic thiol-disulphide homeostasis is associated with an increased shift to the reductive side as a proliferative manner. Similarly, in a study including fewer patients with fibromyalgia, patients were found to have significantly higher native thiol levels, lower disulphide levels, and lower disulphide/total thiol rates than healthy controls. However, in that study, the patient group was composed only of women. Also, smoking status, which is known to have a strong effect on dynamic thiol balance, was not considered in both groups \[[@cit0011]\]. Unlike in a previous study, our study also included male patients, thus obtaining more accurate data relevant to the general population. Moreover, the number of smokers between the two groups in our analysis was more homogeneous because it is known that smoking would affect these levels \[[@cit0014]\]. In addition, unlike our findings, in a poster presentation in which the thiol/disulphide haemostasis was investigated in fibromyalgia, the thiol levels were found to be low, whereas the disulphide levels were high; however, because this poster presentation was not turned into a study, the material method part was not clearly understood in detail \[[@cit0015]\]. In addition, the patients in the fibromyalgia group may be older, have more comorbid disease, and be more intensively smoking than those in the control group. These characteristics, especially cigarette smoking, are the main environmental factors that can reverse this balance \[[@cit0011]\]. Moreover, Ranzolin *et al.* reported that oxidative stress was not increased in patients with fibromyalgia \[[@cit0016]\]. In another study investigating the oxidative stress status in fibromyalgia through a different marker for oxidative stress, known as "F2 -- isoprostanes", oxidative stress was not found to be increased, showing similar findings to our study \[[@cit0017]\]. On the other hand, some studies have reported that antioxidant levels in fibromyalgia are found to be at low levels. In addition to including different *oxidative stress* markers and *anti-oxidant* status, some of these studies have reported that the total thiol levels were similar and low; however, the measurement techniques used in these studies were quite different, with no available measurement for dynamic thiol-disulphide levels \[[@cit0018]--[@cit0020]\]. Although there are various studies and conflicting results on this issue, the increased thiol and decreased disulphide levels in patients compared to those in the normal population suggest that the thiol cannot be oxidised and converted into disulphide in case of oxidative damage, hence showing that the natural mechanism in these cells is much more different and unique. Similarly to our findings, in a study of depressive patients known to have similar clinical features with fibromyalgia, patients had higher native thiols, lower disulphide levels, and lower disulphide/thiol rate than those in the control group, while thiol-disulphide levels or balance was not affected by the duration of depression \[[@cit0021]\]. In addition, in a study on migraine, which has similar clinical features to fibromyalgia, patients with migraine were found to have high level of native thiol and similar level of disulphide compared to a healthy group, with no significant relationship between pain level and these markers \[[@cit0018]\]. Gumusyayla *et al.* have stated that high levels of thiol in migraine can be explained by the fact that thiol is a dynamic molecule as well as having antioxidant and pro-oxidant features \[[@cit0022]\]. While thiol levels were found to be higher in proliferative disease and low-grade gliomas \[[@cit0023]\], disulphide levels were lower in multiple myeloma, non-small cell lung cancer, prostate cancer, and colon cancer than those in the control group \[[@cit0024]--[@cit0027]\]. In studies of inflammatory diseases, patients had lower thiol levels and higher disulphide levels than those in healthy controls. Likewise, total thiol level was found to be low in some studies including patients with ankylosing spondylitis and juvenile idiopathic arthritis \[[@cit0028], [@cit0029]\]. The preliminary results of the studies by Erel and Neselioglu showed that plasma disulphide levels were higher in degenerative diseases such as diabetes, bronchiolitis, obesity, and pneumonia, indicating that the balance shifted towards the direction of disulphide in degenerative diseases. Conversely, the plasma thiol-disulphide balance shifted in the direction of thiol in proliferative diseases such as multiple myeloma, colon cancer, bladder cancer, and renal cancer \[[@cit0011]\].

The major limitations in our study were as follows: current comorbidities and their related medications could not be recorded, and the clinical severity of patients with fibromyalgia was not assessed by long tests (such as the Fibromyalgia Impact Questionnaire and the Beck Depression Inventory). The strength of our work was its large sample size with homogeneous patient group.

In conclusion, patients with fibromyalgia have impairment in thiol-disulphide homoeostasis, with a shift in the direction of thiol, showing similar results to proliferative diseases. Another important finding in our study was that antioxidant levels in the patient group were higher than those in the healthy population, suggesting that fibromyalgia may not be directly associated with an increase in oxidative stress nor with an underlying inflammation or degeneration. The higher thiol levels in our analysis may be due to the insufficient disulphide oxidation of the thiol pool as well as an increased conversion rate of disulphides into thiols. In the coming years and in new studies it would seem to be necessary to focus much more on the common characteristics of fibromyalgia and proliferative diseases. In addition, investigating the reasons of impairment in thiol-disulphide haemostasis in fibromyalgia will be useful fork new treatments. Nevertheless, our findings should be confirmed by prospective studies involving larger numbers of patients.
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